α-Synuclein (α-syn) is the major component of the intraneuronal inclusions called Lewy bodies, which are the pathological hallmark of Parkinson's disease. α-Syn is capable of self-assembly into many different species, such as soluble oligomers and fibrils. Even though attempts to resolve the structures of the protein have been made, detailed understanding about the structures and their relationship with the different aggregation steps is lacking, which is of interest to provide insights into the pathogenic mechanism of Parkinson's disease. Here we report the structural flexibility of α-syn monomers and dimers in an aqueous solution environment as probed by single-molecule time-lapse high-speed AFM. In addition, we present the molecular basis for the structural transitions using discrete molecular dynamics (DMD) simulations. α-Syn monomers assume a globular conformation, which is capable of forming tail-like protrusions over dozens of seconds. Importantly, a globular monomer can adopt fully extended conformations. Dimers, on the other hand, are less dynamic and show a dumbbell conformation that experiences morphological changes over time. DMD simulations revealed that the α-syn monomer consists of several tightly packed small helices. The tail-like protrusions are also helical with a small β-sheet, acting as a "hinge". Monomers within dimers have a large interfacial interaction area and are stabilized by interactions in the non-amyloid central (NAC) regions. Furthermore, the dimer NAC-region of each α-syn monomer forms a β-rich segment. Moreover, NAC-regions are located in the hydrophobic core of the dimer. Published by AIP Publishing.
I. INTRODUCTION
α-Synuclein (α-syn) is an intrinsically disordered presynaptic protein, the aggregation of which is associated with development of Parkinson's disease (PD), the second most common neurodegenerative disorder. 1 α-Syn may contribute to PD pathogenesis in a number of ways, but it is generally linked to the pathological lesions in the brain, called Lewy bodies, consisting of self-assembled α-syn. 2 The aggregation of α-syn is a complex process and the factors and mechanisms of formation of protein nano-assemblies (with different morphologies such as fibrils, spherical oligomers, and nanopores) are poorly understood. 3 α-Syn exists as a compact disordered monomer in mammalian cells 4 and can, in solution, adopt a natively unfolded monomeric structure. 5 Additionally, evidence suggests that it can also exist as an oligomer in the cytosol. 6 The protein consists of three domains:
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The N-terminal domain, spanning residues 1-60, contains five conserved lysine-rich repeats. The non-amyloid central (NAC) region, spanning residues 61-95, contains a sixth lysine-rich repeat and being highly hydrophobic. A key feature of this region is the presence of a segment, spanning residues 71-82, that is required for α-syn aggregation. 7 The C-terminal region, spanning residues 96-140, is enriched with proline and acidic residues and thought to regulate α-syn aggregation through auto-inhibitory long-range interactions, 8, 9 with electrostatic interactions mediated by the acidic residues playing a major role in increasing the fibrillization lag time. 10 The ability of α-syn to assemble in aggregates of various types suggests that the protein is dynamic, a feature that was directly confirmed by various single-molecule biophysical techniques. The application of the single-molecule fluorescence resonance energy transfer (FRET) approach demonstrated that α-syn undergoes conformational transitions between a natively unfolded state and multiple α-helical structures. 11 Combination of FRET with fast mixing microfluidic methodology made it possible to probe kinetics of conformational transitions of α-syn and characterize the role of lipids in conformational transition of the protein. 12 Singlemolecule AFM force spectroscopy has also been applied to characterize the assembly of α-syn in dimers. [13] [14] [15] [16] [17] These studies revealed that specific segments of α-syn enable the assembly of the dimers and the role of mutations in the protein on the pattern of the dimers assembly. 17, 18 Additionally, the stability of α-syn dimers was measured by AFM force spectroscopy 19 and these results coincided with direct measurements performed by the single-molecule fluorescence tethered approach. 20 Here we applied the single-molecule time-lapse highspeed AFM (HS-AFM) approach to characterize dynamics of α-syn monomers and self-assembled dimers by imaging the protein in buffer solution. Recently, we demonstrated that this cutting-edge AFM instrument is capable of, at nanoscale, directly visualizing dynamics of SOD1 protein in monomeric and oligomeric forms. 21 We find here that although the primary morphology of the α-syn monomer is globular, the protein does not remain in this conformation. Protrusions appear on the globule and demonstrate dynamic behavior with time. Importantly, a globular monomer can adopt fully extended conformations, which is a characteristic feature of intrinsically disordered proteins (IDPs). Dimers, on the other hand, are less dynamics and show a dumbbell conformation that experiences morphological changes over time. Extended protrusions from the dimer globule also appear. To characterize the underlying mechanism of the dynamic behavior, we applied computational modeling, in the form of discrete molecular dynamics (DMD) simulations, [22] [23] [24] to gain insights into the structural transitions of α-syn.
II. MATERIALS AND METHODS

A. Sample preparation for AFM imaging
Wild-type α-syn protein was provided by Rochet and stock solutions were prepared as described in Ref. 20 . Mica disks, 1.5 mm in diameter, were glued to a glass rod of the AFM instrument as described in Refs. 25 and 21 and, after cleavage, were modified with 167 µM aminopropyl silatrane (APS) for 30 min to make APS-mica. 26 After thoroughly rinsing the functionalized surface with milli-Q water, followed by phosphate-buffered saline (PBS) buffer (pH 7.4), 2 µl of 30 nM solution of α-syn in the same buffer was deposited on the surface and incubated for 5 min. The surface was then rinsed thoroughly with PBS buffer, which was also used as imaging buffer-the sample was never allowed to dry during preparation or data acquisition. Briefly, 2 µl of buffer was gently placed on the top of the mica disc. The droplet was carefully sucked into kimwipe paper. The steps were repeated several times to remove nonbound protein.
B. HS-AFM procedure
The HS-AFM images were acquired using the HS-AFM instrument (RIBM, Tsukuba, Japan) as described previously. 21, 25 Electron beam deposition (EBD) modified Olympus BL-AC10DS probes were used for imaging. The spring constants of the probes were between 0.1 and 0.2 N/m, with the resonance frequency 400-700 kHz in aqueous solutions.
Data were collected by continuously scanning over an area of 50 nm × 50 nm with scan rate 5 frames/s and resolution of 128 × 128 pixels.
We generated HS-AFM images using home-built software written by Atsushi Miyagi, Y.L.L. laboratory, University of Nebraska Medical Center, Omaha, NE. The contour of the tail was obtained along the tail profile and fitted with parametric splines, see, for example, Fig. S1 of the supplementary material. For two tails' case, the contour of each tail was calculated separately. Data analysis was performed using Femtoscan Online software (Advanced Technologies Center, Moscow, Russia), with the stiffness of tails formed on the polypeptide chain being calculated according to the following equation, described in Refs. 27-30:
The persistence length (p) represents the stiffness of the polymer, where l is the contour length between the two points on the polymer and r is the end-to-end distance. For volume calculation, the compact spherical feature was taken as a region of interest (ROI) and the boundaries of ROI were determined by the isoline function in Femtoscan. Afterwards, the volume of this region was calculated, see, for example, Fig. S2 of the supplementary material.
C. Aggregation propensity
The aggregation propensity of the wild-type α-Syn protein was calculated using the Zyggregator software through the website (http://www-mvsoftware.ch.cam.ac.uk/index.php/ zyggregator). If the value was above the line at Z prof agg = 1, it was determined as the aggregation-prone region. 31 
D. Graphic and modeling software
All the figures were plotted using Igor Pro. 6.3.4 (WaveMetrics, Lake Oswego, OR, USA). Simulation snapshots were generated using VMD software. 32 
E. Discrete molecular dynamics simulations
The structures of the wild-type α-syn monomer and aggregates were obtained using the DMD simulation methodology. [22] [23] [24] DMD is an event-based simulation engine that at every time step solves a series of two-body collisions, in which colliding atoms' velocities change instantaneously according to the conservation laws of energy, momentum, and angular momentum. In contrast to conventional MD simulations, DMD uses discrete approximation for continuous interatom potentials. 33 The Lazaridis-Karplus implicit solvation model 34 is adopted to account for the solvation energy, while temperature of the system is controlled with the Andersen thermostat. 35 We started our simulations with unfolded conformation of the monomeric α-syn and explore the conformational landscapes of the protein using replica exchange discrete molecular dynamics (REX/DMD) simulations. 36 The initial structure was obtained by running a short high temperature DMD simulation of the protein with published nuclear magnetic resonance structure (PDB-ID: 2KKW). 37 During REX/DMD simulations, we use the replica exchange approach to efficiently explore the conformational landscape of the protein. In REX/DMD, multiple simulations of the same system at different temperatures (i.e., replicates) are performed in parallel. Different replicates then periodically exchange based on the Metropolis criterion allowing the system to overcome local energetic traps and fully explore free energy landscape.
For the α-syn monomer, we use 24 parallel replicas with temperatures ranging from 0.375 to 0.605 kcal/(mol k B ). We run the simulations for 7 × 10 6 time steps (corresponding to approximately ∼400 ns) per replica. By monitoring the convergence of the heat capacity curves, we determine when the simulations have reached equilibrium.
We assign the first 10 6 time steps of simulations as system equilibration and omit them from our analyses. In order to determine the relative thermal stability of α-syn structures, we computed their heat capacities using the WHAM algorithm. 38 We then isolated the most populated clusters based on monomer conformations from the structures with the lowest energy in our REX/DMD simulations and defined their centroids as representative protein models.
The same strategy was used to explore the conformational landscape of the wild-type dimer of the α-syn protein. We generated the starting structure of the α-syn dimer by aligning two copies of the same NMR structures of monomeric α-syn (PDB-ID: 2KKW 37 ) and then performing DMD.
III. RESULTS
A. Dynamics of α-syn monomers
We have recently characterized wild-type α-syn by imaging dried samples of the protein with AFM. 21 The protein appeared as a compact globule with the volume corresponding to the expected size of 14 kDa protein. Here, α-syn samples were imaged in aqueous environment in an attempt to visualize potential dynamics of the protein at sub-second scale using HS-AFM. 
Imaging of α-syn monomers with HS-AFM
Samples of wild-type α-syn were prepared in PBS buffer (pH 7.4), deposited on APS functionalized mica, and imaged (without being dried) with HS-AFM. Similar to data for dried α-syn samples, we observed that the protein in buffer assumes a compact globular conformation with limited mobility and dynamics. These observations are assembled as movie S1 of the supplementary material, with one frame from the movie shown in Fig. S3A of the supplementary material. In such a conformation, the protein remains spherical over an extended period of time (200 s, n = 59), suggesting that no significant structural changes occur. However, this is not the only conformation of α-syn monomers identified. We observed several other conformations for the α-syn monomer: a one-tail (Fig. S3B of the supplementary material) and two-tail structures (Fig. S3C of the supplementary material) with tails protruding from the main globular segment. The formation of such protrusions from a globular conformation is presented as movie S2 of the supplementary material. Quantitative analysis showed that the length of the tails follows a lognormal distribution, with the main peak at 5.4 ± 0.3 nm (Fig. S3D of the supplementary material). Statistical analysis, using data acquired in multiple experiments, showed that the compact conformation, as shown in Fig. S3A of the supplementary material, is the major species occurring 75% (n = 59, duration time = 200 s) of the time. Since the conformation of the tail-like conformation is quite dynamic (Fig. 1 and movie S3 of the supplementary material) and there are always random transitions between different species, we only take the number of conformations rather than the number of monomers into account for the lifetime estimation in each case. The lifetime of one-tail (n = 68) and two-tail (n = 66) conformations is 3.0 s and 0.6 s, respectively.
Transitions from globular to extended conformations revealed by HS-AFM
The globular conformations described above are able to transition into fully extended conformations. One such transition is shown in movie S3 of the supplementary material as well as frames in Fig. 1 . The monomer starts in a globular conformation (Fig. 1, frame 0 s ) that transitions to a one-tailed state (Fig. 1, frame 13 .8 s), followed by fluctuation between globular and one-tailed conformations (Fig. 1, 16 .8 s and 26 s). These events are then followed by the transition to twotailed structure (Fig. 1, frame 27.4 s) ; the conversion from the globular directly two-tailed conformations was also observed (Fig. 1, frames 27 .4 s, 33.6 s, 62.6 s, and 100.2 s). Interestingly, transition between different conformations with tails and extended structures with compact terminal segments (two heads, Fig. 1 , frame 102.2 s) was also observed (Fig. 1 , frames 125.6 s, 129.6 s, and 130.4 s). Eventually, the monomer adopts an extended conformation (Fig. 1 , frames 136.6 s and 161.2 s).
To quantitatively describe the conformational dynamics, we measured the time-dependent change in volume of the globular regions. The relative volume measurements for the monomer shown in Fig. 1 and movie S3 of the supplementary material are graphically displayed in Fig. 2(a) . Selected frames are also included in the volume plot to illustrate the different conformations. The volume is initially ca. 70 nm 3 [ Fig. 2(a), 0 s] ; when tails partially protrude from the compact structure, the volume drops to ca. 60 nm 3 [ Fig. 2(a), 62.6 s] . Further unraveling of the compact structure leads to a drop in volume to ∼20 nm 3 [ Fig. 2(a) Fig. 2(a), 132.6 s] .
To characterize the properties of the protruding tails, we employed a 2D approach developed to analyze dynamics of extended conformations of intrinsically disordered proteins with AFM time-lapse experiments. 28, 31 By treating the protruding tails of the α-syn monomers as a polymer on a 2D surface, Eq. (1) allows one to obtain the persistence length of the polymer. We measured the lengths of tails in the different frames, calculated the end-to-end distances, and plotted the dependence of the square of this value against the contour length [ Fig. 2(b) ]. Fitting the data using Eq. (1) yielded a persistence length, p = 2.9 nm. This value is approximately five-fold smaller than that previously reported for a similar intrinsically disordered chromatin transcription (FACT) protein, 28 suggesting that the tails of α-syn monomers are more flexible and that their mechanical properties are different.
Extended conformations of α-syn conformations revealed by HS-AFM
On Fig. 1 , in addition to conformations of α-syn with tails, we observe extended conformations in which the protein appears as filaments of different lengths (130.4 s and 136.6 s). Additional experiment revealed that, while not common, these fully extended, filamentous, conformations can occur for an extended time period. Dynamics of such filamentous conformation are presented by selected frames in Fig. 3(a) and movie S4 of the supplementary material. In the initial image (frame 0), α-syn appears as a filament with the length 44 nm, which is slightly shorter than the estimated length of the fully stretched α-syn monomer (ca. 50 nm). Later (21.4 s), the filament compresses approximately two-fold followed by gradual extension to approximately 39 nm, at the end of the observation. Cross sections along the filament were made to compare the morphologies of different segments; they are shown below each frame in Fig. 3(a) . The proximal terminal segment of the filament has the highest brightness, which suggests that this part of the protein filament is the most condensed. Due to the high flexibility of the filament and its thermal motion, some segments can transiently dissociate from the surface that leads to their low height values. The filament becomes fully detectable again (21.4 s) in the conformation with compact termini. In the final frame (180.2 s), with the monomer extended, the profile resembles the initial profile (0 s) with the condensed proximal end of the filament.
The mechanical properties of the extended conformation were investigated using the approach described above. We measured the end-to-end distance of the filaments in each frame and plotted these against the contour length, the data were then fit with Eq. (1) [Fig. 3(b) ]. The analysis yielded a persistence length of p = 28.6 nm, which compared to the FACT protein and α-syn monomer tails is two-and 10-fold larger, respectively. The two-fold difference, compared to the FACT protein, is not significant and may be due to the sample preparation procedures and the surface properties. However, compared to the protruding tails, the extended monomer conformation is significantly more rigid. The persistence length in the AFM experiment depends on the interaction of the polymer with the surface. Given that the contact area between the longer polymer and surface is larger than that for the short tail, it can lead to the higher value for the persistence length. 
Insight into molecular basis of monomer conformations from computational analysis
The structural basis of the different conformation of the α-syn monomer was investigated using DMD simulations. Similar to conformations identified in the HS-AFM experiments, DMD simulations yielded both globular and tailed structures. Analyzing the DMD trajectories, we found that the α-syn monomer was present mostly in the compact globular conformation, consisting of several tightly packed small helices [ Fig. 4(a) ]. This structure represents the most populated lowest energy cluster, accounting for ∼76% of overall population. The second most populated cluster [ Fig. 4(b) , ∼14% of overall population] has an extended α-helical tail elongating from the core of the protein. The third conformation [ Fig. 4(c) ] accounts for ∼5% of the overall population and has a small β-sheet, acting as a hinge, between two segments of extended α-helices. The geometry of these two conformations, with extended helices, resembles the one-and two-tailed conformations identified in the HS-AFM experiments. Furthermore, the fractional representation of the different conformations is also closely matched between experiment and simulations. Interestingly, the specific heat plot [ Fig. 4(d) ], obtained from analysis of REX/DMD simulations, indicates a wide smooth shoulder preceding the main unfolding peak. All predicted models (Fig. 4) correspond to the shoulder, which means that there is no major energy difference between them and that the α-syn monomer is able to freely transition between different conformations. This behavior is usual for IDPs. 39 
B. Dynamics of α-syn dimers
Dynamics of α-syn monomers revealed by HS-AFM
Next, we characterized the dynamics of α-syn dimers, detected in the same sample as monomers. Figure 5 illustrates the dynamics of the dimers, in which two monomers appear as globular structures. This type of dimers, termed type 1, comprises 80% (n = 18) of the observed dimer conformations. The full range of dynamics for type 1 dimers is assembled as movie S5 of the supplementary material. During the entire observation window, the monomers remain in globular conformations; however, the distance between the two monomers fluctuates. Compared to α-syn monomers, type 1 dimers show significantly less structural dynamics. Cross sections, along the primary axis of the dimer, reveal fluctuations in the peak-topeak distance of the monomers; line profiles are placed below each frame as Fig. 5(b) . However, no other dynamic behavior was observed.
The other dimer conformation, accounting for ∼20% (n = 5) of the total population, is termed type 2. In these dimers, one monomer remains in the compact globular conformation, while the other monomer extends forming a flexible tail [ Fig. 5(c) ]. The captured dynamics of the type 2 dimer is assembled as movie S6 of the supplementary material. At frame 0 s, one monomer is compact, whereas the second monomer forms a protrusion. The next frame (2.6 s) demonstrates that the protrusion is mobile and very dynamic, as seen by the transition back to a compact (2.8 s) and later extended conformation (4 s). This structural flexibility of the monomer within the dimer is similar to observations for isolated monomers ( Fig. 1 and movie S4 of the supplementary  material) . In both cases, the monomer is able to transition from globular conformations and form protrusion and extended conformations. However, even though similar behavior is shown, the dimer is less dynamics than the monomer. Potentially the decreased dynamic behavior may be due to the interactions needed to keep the dimer intact. We also analyzed the cross sections to characterize the type 2 dimers [ Fig. 5(d) ]. The profiles show that the peak-to-peak distance between the monomers fluctuates from 7.4 nm to 10.1 nm, while a considerable part of one monomer is extends and contracts.
Structural elements of the dimer conformations identified by DMD simulations
In order to study the structural details of the wild type α-syn, we performed DMD simulations according to the procedure described in Sec. II. DMD simulations of the dimer revealed that the compact dimer is stabilized by interactions in the NAC region and that the monomers have a large interfacial interaction area (Fig. 6) . Three representative structures corresponding to the centroids of the most populated lowest energy clusters are shown in Fig. 6 . These conformations make-up ∼58%, ∼27%, and ∼11% of the dimer population, respectively. We found that the dimer NAC-region of each α-syn monomer forms a β-rich segment. Moreover, in two of the models, corresponding to the most populated clusters [Figs. 6(a) and 6(b) ], NAC-regions are located in the hydrophobic core of the dimer. This is also evident from the Cα contact map of the dimers, where the contact between the dimers is mostly concentrated in the NAC region with contributions from the N-and C-termini as well.
Geometrical comparison between DMD simulation results ( Fig. 6 ) and conformations obtained during HS-AFM experiments show good agreement. The compact dimer conformation (type 1 dimer), represented by the dimer in Fig.  6(b) , consists of two dense structured regions at each end. From the contact map, it is clear that the individual monomers have extensive intra-peptide interactions; the pattern of these contacts reveals the structural organization within the dimer; the monomers are interacting in an extended mode with the N and C-termini at each end and the NAC regions providing stability. The tailed structures consist of similar secondary structure elements and form two groups with short dense tails [Figs. 6(a) and 6(c)]. The dimers are stabilized by interaction of the NAC regions of the monomers and have an inter-peptide β-sheet structure. However, their monomer-monomer interaction pattern, and thus organization, is different. The type 2 dimer [ Fig. 6(a) ] is organized in an almost symmetrical conformation, where both monomers contribute equally to the extended segment; this gives the monomers a very large interaction cross section. The type 2 dimer has an extensive helical structure in the extended tail, while the NAC regions form a β-sheet. For type 3 dimers [ Fig. 6(c) ], the monomers are arranged separately in extended (monomer 1) and compact (monomer 2) conformations. This arrangement may provide the necessary flexibility for one of the monomers to form extended protrusions, which is in line with HS-AFM results FIG. 6 . Structures of the wild type α-syn dimers predicted by DMD simulations with corresponding contact maps. Structures from panels (a)-(c) represent three most populated lowest energy clusters with population ∼58%, ∼27%, and ∼11%, respectively. Monomer 1 of the dimer is colored green and contains residues from 1 to 140; monomer 2 is colored blue and has residues 141-280. The NAC-regions of the monomer 1, residues 61-95, and monomer 2, residues 201-235, are colored in pink and red, respectfully. Contact maps, lower right of the structures, reveal residue-wise specific contacts within the dimers; Cα atoms within 7.5 Å are considered being in contact. Dashed lines on the plots divide regions corresponding to different monomers forming the dimer. The regions inside the dashed square illustrate contacts between the two monomers in the dimer (141-280 on the horizontal axis and 1-140 on the vertical axis). Red and pink arrows indicate fragments along the sequence corresponding to the NAC-regions of each chain.
where one monomer stays compact at all times while another is dynamic and undergoes extension.
IV. DISCUSSION
Comparison of HS-AFM experimental results with DMD simulations provides insights into the structural dynamics of α-syn monomers and dimers at nanoscale. Previously, structural studies of the α-syn monomer, in the presence of micelles, suggested that residues 3-37 and 45-92 are prone to form helical conformations, while residues 98-140 remained unstructured. 40 In comparison, free in solution and under physiological conditions (in absence of binding partners), α-syn monomers are intrinsically unstructured. 8, 41, 42 Our HS-AFM results demonstrate that the WT α-syn monomer adopts compact configurations, which suggests that unlike in fibrils, [43] [44] [45] the extended β-sheet pattern is not favorable in the monomeric state. The α-Syn primary structure is important for the compaction: N-terminal region, amphipathic α-helices (with repeated KTKEGV motif) from residue 1 to 60; NAC, hydrophobic and highly amyloidogenic non-Aβ component, from residues 61 to 95; C-terminal, highly enriched in acidic residues and prolines, especially from residues 120-140 (8 negative charges). 3 The former two regions show high aggregation propensities (Fig. S4 of the supplementary material) and contain the membrane binding domains. 46, 47 Mutations, A30P, E46K, and A53T, important for the disease development are found in the first region [48] [49] [50] and alter the structure of α-syn in different ways. 51 The C-terminal region participates in protein-protein interactions.
Based on the HS-AFM images and DMD modeling, we speculate that the hydrophobic interaction facilitates the compact monomer formation, seen as the blue region in Fig. S4 of the supplementary material. Indeed, deletion of central residues from α-syn can interfere with the fibril formation. 7 Conversion between compact and extended morphology was also observed for both monomers and dimers. In particular, as shown in Fig. 1 (monomeric case) , over a long observation period (160 s), the monomer fluctuates between compact, tail-like, and an extended conformation. Several studies have proposed to characterize the possibility of intermediate states of α-syn proteins. 45, 52, 53 Specially, tail-like intermediate structures of α-syn have been suggested based on MD simulations, EM, and SAXS experiments. 54, 55 It is well known that taillike structures implicate several biological functions in the intrinsically disordered proteins. 56 As observed during DMD simulations, in the absence of lipids, residues within N-and C-terminal regions are flexible; we infer that this plays an important role in the frequent structural conversion of the monomers. Interestingly, when two such monomers form a dimer, the compact structure is stabilized, and structural conversions are much less common. Altogether, the variety of monomer and dimer structures further prove the intrinsic heterogeneity of the α-syn protein and can explain conformational transitions during the aggregation process and formation of highly ordered fibrillar structure.
It is noteworthy that the dynamics process of α-syn can be accelerated or retarded in the presence of surfaces. 57 Thus, the observed behavior of α-syn may be different from in vivo cases, as illustrated in the previous fibril elongation studies via a "stop-and-go" mechanism. [58] [59] [60] The interaction of the protein with the surface can lead to protein extension, retarding the α-syn fibril elongation. This is an important issue in terms of the role of membrane and other surfaces on the structure of amyloid proteins, and elucidation of these effects is our future goal.
In the current study, we used a positively charged APS mica surface as a substrate for HS-AFM samples. 61 On this surface, we were able to visualize a structural dynamics and transitions of monomers as well as dimers (Figs. 1 and 5) . The use of surfaces of different types would allow us to evaluate the role of the surface effect on the α-syn dynamics. AFM is a topographic technique in which images are generated by the scanning tip. Therefore, one should expect the effect of the tip on the sample dynamics in such a way that motion of tails can be altered by the tip. However, this effect is low for HS-AFM as analyzed in our previous work. 62 Briefly, the overall energy transferred to the sample due to the tapping is negligible and readily distributed in the surrounding environment, including the water molecules. The second effect, which is the displacement of the sample by the tip, is also very low because of low oscillation amplitude, high oscillation frequency of the tip, and consequently low contact time of the tip with the sample. Therefore, the lateral displacement due to the scanning tip is also negligible. It is illustrated by the images. For instance, as shown in Fig. 1 , we can see that the whole protein as well as the tail structure moves in the small area randomly rather than following the direction of tip movement, suggesting that the effect of the tip in these experiments is low, if any.
V. CONCLUSIONS
Our combined experimental and computational studies revealed broad range dynamics of α-syn in a monomeric state. The protein can adopt a fully extended conformation identified earlier in a number of IDP type proteins. Computational modeling suggests that the hydrophobic interaction facilitates the compact monomer formation. Assembly in dimers decreases the range of conformational transitions within monomers enabling them to assemble in a dimer. Computational modeling revealed three types of dimers defined by the monomer-monomer interaction pattern. For example, for type 3 dimers, the monomers are arranged separately in extended and compact conformations. This arrangement may provide the necessary flexibility for one of the monomers to form extended protrusions, which would be in line with HS-AFM results where one monomer stays compact at all times while the other is dynamic and undergoes extension. Altogether, the variety of monomer and dimer structures further prove the intrinsic heterogeneity of the α-syn protein and can explain conformational transitions during the aggregation process and formation of highly ordered fibrillar structure.
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